We propose a novel scheme with a "time-lens"-based partial optical Fourier transform (OFT) and coherent sampling for high-speed complex orthogonal frequency-division multiplexing (OFDM) signal detection. Compared with all-optical OFDM demultiplexing with a matched optical filter, our proposed method replaces specialized optical filters with commercially available equipment, which relaxes stringent manufacturing and operational requirements. Our simulation shows that even with a partial OFT, theoretically, close to inter-channel interference-free performance is possible. In addition, we performed a proof-of-concept experiment of 16 × 10 Gbaud quadrature phase-shift keying (QPSK) all-optical OFDM detection, with all the bit error rates far below the 7% hard-overhead forward error correction limit. © 2019 Optical Society of America https://doi.org/10.1364/OL.44.000443
All-optical orthogonal frequency-division multiplexing (AO-OFDM) enables ultra-high-speed optical communication with high spectral efficiency. Broadband AO-OFDM can be generated by multiplexing several sinc-shaped subcarriers orthogonally [1] . However, the reception of such broadband, tightly spaced signals can be challenging. Theoretically, an OFDM signal can be decoded with a digital fast Fourier transform but, in this case, the maximum capacity is limited by the electrical bandwidths of coherent receivers, the bandwidths of analogto-digital converters and the speed of digital signal processing (DSP) [2] . By contrast, all-optical OFDM demultiplexers can detect ultra-high-speed, broadband OFDM signals [3] [4] [5] [6] [7] [8] [9] . In general, AO-OFDM demultiplexers perform an optical discrete Fourier transform, which acts as a matched filter [3, 4] . Alloptical demultiplexers based on cascaded optical delay interferometers [5] , arrayed-waveguide gratings [6] , passive planar hybrids [7] , and multimode interference [8] have been reported. However, OFDM demultiplexing based on optical matched sinc filters requires precise matching between the signal and the filter in terms of amplitude, phase, and central frequency [2, 6, 10] . It also requires phase stabilization. These factors largely confine the flexibility and scalability of such devices. Furthermore, practically optical sinc filters are spectrally truncated and so significant inter-channel interference (ICI) may be introduced by imperfect matched filtering, which in photonic integrated circuits can also arise naturally from manufacturing variability [11] . For wide-band OFDM signals, precise optical sampling is needed before photodetection [2, 5] .
Optical time-lenses are capable of ultra-high-speed Fourier transformation of multiple channels [12] . Recently, two AO-OFDM demultiplexing schemes based on time-lenses were proposed by Palushani [9] and Guan [13] . One method is to magnify the spectra of OFDM signals with a spectral imaging time-lens, which allows optical low-pass filters to extract each subcarrier [9] . This method avoids optical sampling, but it will always introduce interference from the spectrally overlapped subcarriers. Another method is to convert the AO-OFDM signal to a Nyquist optical time-division multiplexed (N-OTDM) signal using a partial OFT time-lens [13] , then time-demultiplex the N-OTDM signal by optical sampling using a nonlinear optical loop mirror and Gaussian pulses.
In this Letter, we propose a novel AO-OFDM demultiplexing method with a time-lens-based OFDM-to-N-OTDM conversion [14, 15] and optical sampling in a coherent receiver. To the best of our knowledge, this is the first time that time-lenses and coherent sampling for AO-OFDM demultiplexing have been combined. This methodology enables the detection of high-speed phase-encoded OFDM signals with low-bandwidth coherent receivers. Figure 1 shows the principle of our proposed ICI-free AO-OFDM receiver. Here the AO-OFDM signal is Fourier transformed to a N-OTDM signal by a time-lens. After the conversion, the ICI of the OFDM signal is mapped to the inter-symbol-interference (ISI) of a N-OTDM signal. Instead of performing a complete OFT with dispersion-chirp-dispersion (D-K-D) or chirp-dispersion-chirp (K-D-K) structure, we selected a partial OFT structure for several reasons. First, the D-K-D structure requires guard intervals between OFDM symbols to avoid the overlap due to the pulse broadening at the first dispersion stage. Secondly, the K-D-K structure avoids the overlapping problem, but it requires two chirp stages. Thirdly, the result of optical sampling is primarily affected by the time domain waveform, so a frequency-to-time mapping with a chirpdispersion (K-D) structure is sufficient.
Ideally, the chirp should be linear and periodic with a repetition rate equaling the baud rate of the signal BR sig for symbol-by-symbol OFT. The chirp rate of the time-lens is represented as K . The accumulated dispersion D of a dispersive fiber is given by the group-velocity dispersion parameter β 2 multiplied by the length of the fiber L. The OFT condition is D 1∕K . If we represent the 3 dB bandwidth of the OFDM signal with BW sig , after the OFT, the corresponding temporal width is given by BW sig ∕K . Similarly, given an OFDM channel spacing of CS sig , the time interval between the converted tributaries is given by CS sig ∕K . There are two design constraints on the chirp rate. First, the chirp rate K should be faster than BW sig × BR sig to avoid overlap. Secondly, the chirp rate K should be an integer multiple of CS sig × BR sig to align the ISI-free points of the sinc pulses generated from successive OFDM symbols.
In the sampling stage, the coherent sampler performs optical sampling and coherent detection at the same time, which avoids the need for a separate sampling stage [16] . The local oscillator (LO) used for sampling is a sinc pulse train. According to Refs. [16, 17] , optical sampling a N-OTDM signal with sinc pulses outperforms sampling using Gaussian pulses.
Ideal simulations using VPItransmissionMaker are performed to estimate the theoretical penalty of our proposed method. In the simulation, a single-channel 10 GBaud quadrature phaseshift keying (QPSK) and a zero-guard-band 16 × 10 Gbaud QPSK OFDM signal are processed by a time-lens and coherent sampling. The time-lenses are composed of linear-chirp modules and matched-dispersion modules. To achieve an N-OTDM-like signal with a 5 ps tributary spacing, the chirp rate is set to −0.0126 ps −2 . Then the N-OTDM-like signal is sampled by sinc-shaped pulses with a 1.6 ps 3 dB FWHM width. The 5 and 1.6 ps widths are chosen for consistency between our experiments and simulations. In terms of the 16-channel OFDM signal, the 7th channel is measured in the simulation.
In Fig. 2 , a comparison of BERs between the single-channel QPSK back-to-back (B2B) and the single-channel QPSK processed by a K-D time-lens shows a negligible difference, indicating there is no penalty from the K-D time-lens. In addition, there is negligible difference between the K-D and the K-D-K time-lens-based 16-channel OFDM detection, proving that one chirp stage is sufficient for this application. Compared with the B2B case, the K-D time-lens-based OFDM detection only has 0.14 dB penalty at BER 3.8 × 10 −3 and 0.27 dB penalty at BER 10 −4 . This small penalty is introduced by the sampling process, where the sampling pulses are not sufficiently short to completely eradicate the ISI. A narrower sampling pulse would result in less ISI, but it may introduce a penalty due to the power loss and noise in the system. Figure 3 shows the experimental setup for 16 × 10 Gbaud QPSK AO-OFDM generation and reception. An optical frequency comb with 10 GHz spacing is generated by a mode-locked laser (MLL) and then broadened in a 400 m dispersion-flattened highly nonlinear fiber (DF-HNLF) (γ 10.7 W −1 km −1 , β 2 −0.446 ps 2 ∕km, and β 3 0.0057 ps 3 ∕km, at 1550 nm). The broadened comb is filtered at three different central wavelengths and diverted to three output ports of a wavelength selective switch (WSS1), for the generation of the AO-OFDM signal, the chirped pump, and the LO, respectively.
In the AO-OFDM generation sub-system, a rectangular bandpass filter with a 1560.96 nm central wavelength and a 500 GHz pass bandwidth are set at Port 1 of WSS1. The pulse train at Output 1 is time aligned and polarization aligned to the IQ modulator by a time delay and a polarization controller (PC). The output of the IQ modulator is a 10 GBaud QPSK signal with a 500 GHz bandwidth and flat-top spectra, and it is equally divided into four paths. The signals in the four paths are decorrelated by dispersion shifted fibers of 0, 125, and 250 m, and 1 km. The symbols are time-aligned with fine delay lines. WSS2 performs optical inverse Fourier transforms by applying four filters [1] . Each filter passes and sinc-shapes four subcarriers separated by 80 GHz. The filter is shifted by 20 GHz between every two adjacent ports. The subcarrier spacing of the OFDM signal is set to 20 GHz for a 50% guard interval between symbols. The guard interval is required to avoid the temporal overlap of the signal and the rising or falling edges of the chirped pump in the FWM process. In addition, considering the 10 GHz optical transfer function of WSS2, the bandwidth of each OFDM subcarrier was designed as 20 GHz to avoid the filter distortion. In order to evaluate the time-lens-based receiver performance, noise generated by an erbium-doped fiber amplifier (EDFA) is coupled with the AO-OFDM signal at the input of the time lens, where the optical signal-to-noise ratio (OSNR) is measured.
At the chirped pump generation stage, the bandpass filter at Port 2 of WSS1 is centered at 1550.39 nm with a 180 GHz bandwidth. To achieve the desired chirp rate, the accumulated dispersion experienced by the pump is 79.6 ps 2 , which is slightly less than the number calculated from the Fraunhofer condition [18] to avoid pulse overlap. The 615 m dispersion compensation fiber chirps the pump and broadens the pump pulses in the time domain. The chirped pump is amplified by a high-power EDFA followed by a bandpass filter.
At the time-lens stage, the signal power and the pump power coupled into HNLF2 are −2.5 and 20.5 dBm, respectively. The OFDM signal and the chirped pump generate a new frequency component called the "idler," which is a N-OTDM signal at 1539.8 nm by four-wave mixing in HNLF2. The idler is extracted by a bandpass filter and dispersed by an 1863 m standard SMF. The accumulated dispersion of this SMF is −39.8 ps 2 , which corresponds to a chirp rate of −0.0251 ps −2 .
At the sampling stage, the width of the LO measured by the auto-correlator is 2.3 ps, which corresponds to a 1.6 ps 3 dB pulse width. The central frequency of the LO is equal to the central frequency of the idler. The subcarriers are selected by tuning the time delay of the LO. The signal and the LO powers at the input of the optical modulation analyzer (OMA) are 4.5 and 0.5 dBm, respectively. The OMA includes a digital sampling scope, a coherent receiver and a semiconductor optical amplifier to amplify the LO. The band limitation of the coherent receiver acts as an electrical low-pass filter. DSP algorithms have been utilized to recover the demultiplexed channel. Figure 4 shows the waveform and spectra of the chirped pump and the AO-OFDM signal. The waveform is detected by a 40 GHz photodetector and a 50 GHz bandwidth equivalenttime sampling oscilloscope. In Fig. 4(a) , the chirped pump pulses have amplitude fluctuations due to the insufficiently broad pump bandwidth (180 GHz). Figure 4(c) shows the corresponding simulation results, without experimental bandwidth limitations, of the pump waveform, where amplitude fluctuations can also be observed. The fluctuations on the amplitude result in the uneven amplitude of the converted signal. In addition, as the chirp is not perfectly linear, different tributaries can overlap after the time-lens, causing ISI. According to the Fraunhofer requirement [18] and the simulation result in Fig. 4(d) , the bandwidth of the pump has to be sufficiently large (i.e., 1.8 THz), so that after certain dispersion, closeto-linear chirp and rectangular waveforms can be achieved. However, a larger pump bandwidth results in a narrower required LO pulse width and a more stringent requirement on the temporal alignment and time jitter. There may be an optimal pump bandwidth between 180 GHz and 1.8 THz, which may be interesting to investigate in the future. In Fig. 4(b) , we show the experimental spectrum of an AO-OFDM signal with a flat top and several sidelobes on each side. Figure 5 (a) shows the output spectrum of HNLF2. Figure 5(b) shows the bit error rates (BERs) of all 16 demultiplexed AO-OFDM channels at 18 dB OSNR per channel. We assume that the system will be running with a 7% overhead forward error correction (FEC) code to bring a pre-FEC measured BER down from 3.8 × 10 −3 to an error-free level of 1 × 10 −15 . The maximum measured BER is 4.5 × 10 −5 . The minimum reliably measured BER was 1.6 × 10 −6 , based on measuring an average of 10 errors. Channels 7, 9, 11, 13, and 15 were below this threshold in the experiment; thus, their BERs are presented by arrows in Fig. 5(b) . There are some differences in the BERs of different channels. This may be attributed to the aforementioned amplitude and chirp fluctuations of the pump. Figure 5 (c) shows the performance of the 7th, 8th, and 16th OFDM channels measured from the experiment and the corresponding simulation result of the 7th channel. In the simulation, the chirp, dispersion, and AO-OFDM generation are Comparing the simulation and the experimental results of the 7th channel, there is about a 3.7 dB difference. To investigate the source of the difference, a close-to-ICI-free case was measured by blocking Ports 2 to 4 of WSS2. Therefore, only Port 1 was retained, and all of the four sinc-shaped subcarriers out of Port 1 carry the same information. In this case, there is no multiplexing of different information, so it is labeled as "No multiplexing" in Fig. 5(c) . Comparing the measured and simulated "No multiplexing" results, there is a 3.2 dB difference at the FEC limit. The measured OSNR may be slightly different from the actual OSNR, because the narrow filtering in WSS2 does not allow a precise estimate of the in-band noise. In addition, the undesired nonlinear mixing in the highly nonlinear fiber may introduce distortion [19] .
In the experiment, the difference between the OFDM channels and "No multiplexing" case increases from less than 1 dB at BER 3.8 × 10 −3 to about 4 dB at BER 10 −4 , which may be due to the noise in the system and the interference among channels. The interference can originate from the imperfections in the time-lens [20] , particularly the pump-imposed chirp, or imperfect definition and crosstalk of sub-carrier shaping through WSS2 [21, 22] .
In conclusion, we have proposed a novel AO-OFDM demultiplexing scheme based on time-lenses and coherent optical sampling. Our method avoids the problems of arbitrary waveform generator-based OFDM demultiplexers such as manufacturing variability. The simulations show that theoretically close to ISI-free performance is possible to achieve. We also experimentally demonstrated the demultiplexing of a 320 Gbps AO-OFDM signal with BERs below the 7% hard-FEC limit. It may be interesting to use temporal matched sampling [11, 23, 24] , together with time-lens-based OFT to detect high-speed OFDM signals in the future.
Funding. Australian
Research Council (ARC) (CE110001018); ARC Laureate Fellowship (FL130100041); National Natural Science Foundation of China (NSFC) (61505011); Villum Fonden (19158); H2020 European Research Council (ERC) (771878); Danmarks Grundforskningsfond (DNRF) (DNRF123).
